A B S T R A C T Myocardial function and peripheral hemodynamic alterations were measured through the late stages of canine endotoxin shock. 60 min postendotoxin paired animals were given infusions of either 5 ml/kg per hr of 5%o dextrose or dextrose plus isoproterenol (0.25 pg/kg per min). Comparable blood lactic and pyruvic acid levels were determined, the excess lactic acid calculated, and pH values were obtained. During the initial stages the classic pattern of hemodynamic alterations was observed; an excess of lactic acid appeared and the pH decreased. Outstanding was evidence of markedly reduced myocardial function in the late stages of shock with progressive rise in left ventricular end diastolic pressure (LVEDP), low cardiac index, rise of central venous pressure, increased central blood 'volume, tachycardia, and declining arterial pressure. Analyses of left ventricular function curves also indicated myocardial failure.
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Infusion of dextrose alone failed to decrease mortality rate (10 of 18 dying), whereas the rate was significantly decreased with isoproterenol (2 of 18). Dextrose infusion did not benefit myocardial function. Isoproterenol resulted in a marked improvement in myocardial action with a significant increase in heart work associated with, yet very minor, increments of LVEDP. In addition, tachycardia subsided, peripheral resistance decreased, and the blood pressure stabilized. The
INTRODUCTION
The pattern of hemodynamic changes in experimental endotoxin shock has been well documented (1) (2) (3) . Reversal of these changes has been attempted with a variety of agents, including isoproterenol, a potent beta adrenergic stimulant. This drug has reversed the severe hemodynamic and pulmonary alterations in sheep (4) and has been confirmed in dogs (5, 6) . Isoproterenol has significantly reduced the mortality in canine endotoxin shock (7) . Various studies have shown that it increases cardiac output (8) , dilates lower respiratory airways, relaxes arterioles, constricts veins, increases ventilation (9) and improves function of the failing heart (10, 11) .
Endotoxin does not have any primary action on the myocardium during the initial stages of experimental shock. The early fall in cardiac output is prevented by maintaining an adequate venous return (12) , or by decreasing splanchnic pooling (13) . Transient myocardial weakness has been related to reduced coronary flow induced by hypotension (14) , whereas others (15) have suggested a depressant effect of endotoxin on myocardial contractility.
The present experiments were designed to examine the effect of endotoxin on myocardial function and to evaluate the effects of isoproterenol on cardiac function and other hemodynamic alterations. In an assessment of tissue oxygenation, metabolic studies included determinations of blood lactate, pyruvate, and pH.
METHODS

Endotoxin. A single lot of Escherichia coli endotoxin
of the Boivin type prepared in our laboratory was used (16) .
Animals and experimental design. Experiments were performed on 46 adult mongrel dogs that included both sexes. They were anesthetized with pentobarbital (30 mg/kg) and maintained under light anesthesia. Polyethylene catheters were introduced through a femoral artery into the lower abdominal aorta and either into the left ventricle or to the root of the aorta. Catheters were also passed through a femoral vein into the right atrium and inferior vena cava. The latter was used for inj ections. Aortic blood pressure was continuously recorded in all the dogs. In 24 dogs right auricular pressure (central venous pressure, CVP) and in 19 dogs the left ventricular end diastolic pressure (LVEDP) were monitored. All pressure recordings were made with pressure transducers (Statham P23AA, Sanborn 267A, and Sanborn 268A) connected to a direct writing recording system.1 The zero pressure level of each animal was ascertained by selecting a point on the anterior chest wall two-thirds of the distance from the sternal notch to the xyphoid process, and then perpendicular to this point the level was arrived at two-thirds of the distance of the anterior-posterior thoracic diameter (17) .
Cardiac outputs were determined by injecting indocyanine green (Cardio-Green) 2 into the right atrium and continually sampling blood at the root of the aorta with the aid of a withdrawal pump (18) . The dye concentrations were measured with a Waters' cuvette and PD-densitometer and recorder.3 Blood was returned to the animal after measurement. The recorded curves were analyzed and the mean circulation times (MCT) were calculated (19) . MCT was corrected for cathetercuvette volume and expressed in seconds. Cardiac outputs were calculated in liters/min, and then related to 1 meter2 of body surface area and subsequently referred to as cardiac index. A standard formula, utilizing animal body weight, was used to calculate surface area (20) . Basic formulas for derived physiological parameters 4 were (a) Total peripheral resistance (TPR) (dynes-seccm-5) = [arterial pressure (mm Hg) -CVP (mm Hg) ] X 1332 X 60/cardiac output (ml/min); (b) Heart work/ stroke per m2 (gm-m/m-2) = cardiac output (ml/min) X (arterial pressure-CVP) X 4 The formula for heart work disregards kinetic energy and concerns left ventricle performance. Central blood volume (CBV) represents blood volume between the point of injection in the right atrium and the sampling site in the root of the aorta. CBV was expressed as ml/kg.
(m2) X heart rate; (c) Heart work/min per m2 (gm-m/ m') = cardiac output (ml/min) X (arterial pressure-CVP) X 13.6/1000 X body surface area (mi2); (d) Central blood volume (CBV) ml/kg of body wt = cardiac output (ml/sec) X MCT (sec)/body wt (kg); and (e) Stroke index (ml/m2) =cardiac output (ml/min) /body surface area (in2) X heart rate.
Blood lactic acid determinations on whole arterial blood in 10 dogs were done by the method of Barker and Summerson (21) , and in 26 dogs by an enzymatic spectrophotometric method.5 In the first 10 dogs the procedure of Goldberg, Nitowsky, and Colowick was employed for pyruvic acid estimation (22) . 6 In the remaining 26 dogs the enzymatic spectrophotometric method was used.5 Excess lactic acid was calculated according to Huckabee's formula (23) . The data were subjected to statistical analysis using standard methods (24, 25) .
A single intravenous dose of 0.75 mg/kg of body weight of endotoxin was given rapidly. Pressure measurements, heart and respiratory rates, and cardiac output were recorded before injection and at postendotoxin intervals of 5, 15, 30, and 60 min, and at 2, 4, 7, 10, and 13 hr. Cardiac outputs and collections of arterial blood samples of 3 ml after control measurements were commenced at 15 min postendotoxin. Measurements on blood included: lactate, pyruvate, and pH. The following vere determined at the same time: total peripheral resistance (TPR), stroke index, heart work/min, heart work/ stroke index, mean circulation time (MCT), and central blood volume (CBV).
Groups of animals. Experiments were conducted on a pair of dogs simultaneously. At 60 min after endotoxin, infusions of 5 ml/kg per hr with constant infusion pumps were started; one dog (group I) receiving 5%o dextrose and another (group II), dextrose and isoproterenol 7 (0.25 ,Ag/kg per min). In the first five pairs, infusion was given for 4 hr and in the remaining 13 pairs, for 12 hr. At the completion of the infusion living dogs were returned to their cages and were observed up to 72 hr. Animals alive at 72 hr postendotoxin were considered survivors.
Five control dogs receiving no endotoxin were employed to measure arterial blood pressure and LVEDP. 1 hr after control measurements an infusion of 5%o dextrose was started and administered in the same dose as in the foregoing animals for 10 hr in order to determine the infusion effect on LVEDP.
In constructing a normal curve for left ventricular function, data were obtained in another group of five dogs given dextrose infusion, but no endotoxin, and cardiac outputs and LVEDP were measured.
RESULTS
Hemodynamic alterations after endotoxin
In group I dogs receiving 5% dextrose and those in group II receiving isoproterenol and dextrose, the preendotoxin hemodynamic measurements and the 5-15 min postendotoxin alterations were comparable. Table I shows changes in both groups relative to arterial blood pressure, CVP, LVEDP, heart and respiratory rates.
Arterial pressure fell sharply following endotoxin, 41%o of the base line value being recorded within 5 min in both groups. At 60 min 55% of the baseline in group I and 57% in group II were observed. These differences before and 60 min postendotoxin were significant in both groups (P < 0.001). The mean pressure in group I gradually increased, but reached a maximum of only 76% at 4 hr. Beginning 10 hr postendotoxin pressure declined gradually to 53% at 13 hr, which was significantly lower than the base line (P < 0.05). In group II the pressure rose, reaching a maximum of 87% of the base line at 7 hr and then remained essentially unchanged through 13 hr.
Central venous pressure decreased in both groups after endotoxin but returned to the range of control values at 60 min. In group I, CBP rose progressively and at 13 hr it was twice the preendotoxin value. The difference was highly significant (P < 0.001). In contrast, no rise was observed in group II.
Left ventricular end diastolic pressure was sharply reduced after endotoxin, but returned to slightly lower base line levels in both groups at 60 min. LVEDP rose progressively in group I and at 13 hr postendotoxin it was four times the preendotoxin value, a highly significant difference (P < 0.001). No similar increase was observed in group II.
Heart rate fell immediately after endotoxin but returned to control levels in both groups at 60 min. There was no significant change in the rate in group I through 13 hr. In group II maximum increase in rate was observed after 2 hr, being 25% above the preendotoxin value. Although a continuous infusion of isoproterenol was carried out, the rate decreased progressively to control values at 13 hr.
Respiratory rate increased after endotoxin and at 60 min was 95% above the base line in group I and 87%o in group II. The increase was highly significant with values of P < 0.005 and P < 0.001, respectively. The rate remained elevated throughout in group I with a value of 70%o above base line at 13 hr postendotoxin. The increase was statistically significant (P < 0.005). In group II the rate increased steadily, reaching a level twice that of the control period at 13 hr. The difference was significant (P < 0.02). Table II shows the effects of endotoxin on cardiac index, total peripheral resistance, mean circulation time, central blood volume, stroke index, and heart work.
Cardiac index 15 min postendotoxin declined to 48 and 43%7o of the base line in groups I and II, respectively, and was 65 and 67% at 60 min.
These differences between control measurements and 60 min were significant (P < 0.05 in both groups). Cardiac index in group I remained below the base line through the infusion period, being only 62% at 13 hr, a significant decline from control level (P < 0.05). Group II showed a progressive rise in cardiac index, reaching a maximum at 7 hr, which was 42%o above the base line, and at 13 hr was 22%o above the control level, an elevation which was not significant. Stroke index followed the changes of cardiac index, decreasing at 15 min to 50 and 43%o of the base line values in group I and II, respectively, and 66 and 61%o at 60 min. Stroke index in group I remained low throughout the infusion period with a value of 80%o at 13 hr postendotoxin, which was significantly lower than the preendotoxin value (P < 0.05). In group II stroke index increased progressively during isoproterenol administration and at 13 hr was 23%o above the base line.
Mean circulation time increased sharply 15 min postendotoxin, being almost 1.5 times longer than controls in both groups. At 60 min postendotoxin, it was 88%o longer than the control value of group I and 68%o in the group II animals. In group I after a transient decrease during infusion MCT increased, reaching a value 2.5 times that of the control at 13 hr, which was a significant change (P < 0.02). In group II MCT was markedly shortened during infusion and was only 55%o of control at 13 hr, a difference also significant (P < 0.05).
Total peripheral resistance was increased in both groups 15 min postendotoxin, but the differences Heart work/min was considerably reduced immediately after endotoxin and the values were still below the base line at 60 min, being 43% in group I and 41 % in group II. Heart work in group I remained essentially unchanged during 10 hr of infusion, but at 13 hr it was 38% of the control value, which was a significant difference (P < 0.02). In group II, isoproterenol infusion was associated with a progressive increase in heart work, which returned to a level of 13% above base line at 13 hr.
Heart work/stroke index was also reduced after endotoxin. At 60 min it was 44%o of the control in group I and 38%o in group II. Group I showed no significant change during the infusion period of 10 hr, but at 13 hr the value was 41% of the control, a significant difference with P < 0.02. Influence of type of infusion upon left ventricular end diastolic pressure (LVEDP). An assessment was made of the effects of comparable blood expansion on LVEDP and of the functional state of the myocardium during a long period of anesthesia. 19 anesthetized dogs included five controls receiving only 5%o dextrose, seven given endotoxin and dextrose, and seven endotoxin and isoproterenol. The results are shown in Fig. 1 . The base line LVEDP value in the controls rose progressively during infusion from 3.8 ± 0.8 mm Hg to 7.0 + 1.0 at 10 hr, which was still within the normal range, and reflected unimpaired myocardial function. After 5 hr of infusion the rise in LVEDP in dogs given endotoxin and dextrose was significantly greater than in the foregoing controls (P < 0.05) and in those given endotoxin and isoproterenol (P < 0.02). The isoproterenolinfused values were not statistically different from the controls.
Comparison of left ventricular function curves in dogs given endotoxin and treated with infusions of dextrose or isoproterenol. A reduction in myocardial efficiency was also demonstrated with left Fig. 2 (26) . The curves were constructed by plotting LVEDP values against the stroke work of the heart, employing consecutive values after initiating infusions. Cardiac rates were not controlled because of the experimental design, but did not differ statistically. Similar distribution curves were obtained by substituting minute work for stroke work. Values were obtained for group I animals (endotoxin plus dextrose), group II animals (endotoxin plus isoproterenol), and for five dogs given only dextrose. The curve for group I was a slightly elevated flat type, reflecting a minor increase in heart work with the initial rise in LVEDP. As LVEDP rose the heart work actually decreased. A distinctly different curve in group II showed a marked increase in heart work with but small increments of LVEDP. The curve of the controls was similar to that of group IL Analysis of these curves shows that myocardial function was markedly improved with isoproterenol in contrast with the ineffectiveness of dextrose.
Mortality
No animals in either of the treated groups died within the control period of 60 min postendotoxin. In group I, treated only with 5% dextrose, 10 out of 18 dogs died during the infusion, whereas in group II treated with isoproterenol, only 2 of 18 died. In a 72 hr period 15 of 18 died in group I and 8 of 18 in group II. In both instances the difference was highly significant (P < 0.001). Effects of endotoxin on blood pyruvate, lactate, and pH. The values for pyruvate, lactate, and pH before and after endotoxin are shown in Table  III .
Blood lactic acid increased significantly in both groups at 15 min postendotoxin, being 3 and 2.5 times above control levels (P < 0.01 in both groups). At 60 min postendotoxin corresponding concentrations were approximately 2.5 times higher than in controls (P < 0.02 in both groups). Blood lactic acid in group I fell transiently during infusion but finally rose to 53% above the control level at 13 hr, which was not a statistically significant difference. In group II, blood lactic acid rose during infusion reaching a maximum 4 hr postendotoxin and gradually declined to 33% above base line, which was not significant. In addition, the difference between the groups at 13 hr was not statistically significant.
Blood pyruvic acid increased after endotoxin to a maximum of 82%o above control in group I and 80%o in group II at 60 min. The increase was statistically significant (P < 0.01 in both groups).
During infusion in group I, pyruvic acid declined gradually to 56% of the control value at 13 hr. In group II it rose transiently above the base line and then declined to 78% of the control level at 13 hr. The differences within both groups were not statistically significant. The differences between the groups, likewise, were not significant.
Lactate-pyruvate ratios rose to a maximum at 15 min postendotoxin in both groups (P < 0.05).
At 60 min the ratios were 68% and 37%o above the base line in group I and II, respectively. The ratio in group I rose during infusion to a level 2.5 times the control at 2 hr postendotoxin and remained essentially unchanged until 13 hr when it rose significantly to a level four times the control (P < 0.05). The ratio in group II given isoproterenol remained essentially unchanged with a rise at 13 hr to a level twice that of the control, which was not statistically significant. The rise in group I was due mainly to a sharp increase in lactate, whereas in group II the rise was due to a decrease in pyruvate. The difference between the two groups was not statistically significant.
Lactic acid excess was maximal at 15 min postendotoxin and decreased slightly within 60 min in both groups. In group I, lactic acid excess remained almost unchanged, except for a transient fall between 7 and 10 hr and a sharp rise at 13 In group II, lactic acid excess decreased slightly at 2 and 13 hr was significant (P < 0.001 and P < after the infusion of isoproterenol and remained 0.05). However, differences within the groups essentially unchanged until 13 hr when an increase were not significant. occurred. The difference between the two groups Blood pH in both groups declined significantly (Tables II and  III ). All dogs dying within 72 hr had low cardiac indices, while survivors had significantly higher indices beginning 2 hr postendotoxin. At 4 hr survivors receiving isoproterenol had higher indices than nonsurvivors (Fig. 3) (Table IV) . It should be noted that an apparent fall in average lactic acid excess in nonsurvivors (Table IV) is due to the loss of dogs with high levels. Actually, there was a continuous rise in individual animals still surviving (Fig. 3) . (12, 18, (27) (28) (29) (30) (31) (32) (33) (34) (35) . In the canine there is a temporary improvement and recovery of the arterial blood pressure after the initial hypotension immediately following endotoxin. In the majority of animals this temporary improvement is followed by progressive hypotension and acidosis, and death occurs. Knowledge of the basic mechanisms involved in the onset of irreversible shock and a progressive fatal outcome is particularly incomplete. Ultimate collapse is vaguely attributed to a deficient supply of blood to vital organs, either as a result of excessive vasoconstriction (36, 37) or to precapillary shunting caused by widespread precapillary arteriovenous dilatation (38) . Increased blood viscosity and the stagnation of blood are other factors considered responsible for the terminal cardiovascular collapse (39) . Little information is available on the role of the myocardium in endotoxin shock and the effect of treatment on cardiac function.
In the present investigation the hemodynamic changes followed the previously reported pattern. The blood lactate-pyruvate ratio increased, lactic acid excess appeared, and a fall in pH occurred (35, (40) (41) . Huckabee (42, 43) has expressed lactate-pyruvate ratios as "excess lactate," indicating tissue hypoxia, but this conclusion is not generally accepted (44) (45) (46) . Since oxygen debt was not measured in the present studies it is not possible to evaluate the concept of lactate excess. The significance of low lactic acid excess levels before treatment is difficult to interpret. An equal proportion of survivors and nonsurvivors had low values. The immediate rise in postendotoxin lactic acid excess is stated to be inversely proportional to the dose of endotoxin (47) . Very low values of excess lactate have been reported in moribund patients (48) . From our data persistent elevations of lactic acid excess indicate a poor prognosis, whereas progressively declining values suggested a favorable outcome.
The hemodynamic observations in the present studies have been extended to the later stages of endotoxin shock because few data have been documented for this period. Measurements of myocardial function were carried out for 13 hr postendotoxin and demonstrated a progressive rise in LVEDP that could not be attributed to an expansion of blood volume following infusion (Fig.  1) . This finding together with associated low cardiac index, rising CVP, increased CBV, tachycardia, and declining arterial pressure indicated progressive myocardial insufficiency. Further evidence of myocardial failure was obtained from the analysis of left ventricular function curves (Fig.  2) . Dogs given endotoxin had low flat curves. Diminished work/stroke and a marked increase in LVEDP without an increase in heart work are characteristically found in failing hearts (49) .
It was interesting to note that although death was associated with respiratory failure, the arrest was always preceded by a sharp decline in cardiac index with the arterial pressure usually remaining unchanged. These observations suggest that the mechanism of death is primarily of cardiovascular origin and the cessation of respiration is a secondary phenomenon.
Infusion of dextrose alone after endotoxin resulted in only a slight or temporary improvement of the parameters studied. Myocardial efficiency was not increased and the mortality rate was high. On the other hand, the addition of isoproterenol resulted in a marked improvement of cardiovascular function, enduring through the 12 hr of treatment. With the dose of isoproterenol used, the rise in cardiac index was due more to an increase in stroke volume than rate. Tachycardia began to subside after 3 hr of infusion and the rate was in the control range at 12 hr of treatment. Left ventricular function curves demonstrated a dramatic improvement in myocardial function and the mortality rate was significantly reduced.
These data support the concept that myocardial failure occurs in experimental canine endotoxin shock (14) . Although barbiturate anesthesia may be associated with some of the hemodynamic and metabolic alterations described, this factor was controlled in the present investigations. Dogs not given endotoxin, but otherwise treated in comparable manner, did not show any significant deterioration of myocardial function as reflected in normal LVEDP up to 10 hr (Fig. 1) . In addition the blood pressure remained satisfactory throughout the same period of time. Available knowledge indicates that endotoxin does not have a significant direct effect on the myocardium. Therefore, it would appear that myocardial failure was secondary to prolonged shock. It is possible that isoproterenol is beneficial along a "common pathway" of late shock regardless of the initial cause of shock.
It is difficult to assess the precise role of isoproterenol in the improvement of myocardial failure in canine endotoxin shock. There appears to be a relationship between the ionotropic effect of the drug and survival. It is possible that the increase in cardiac index and arteriolar dilatation results in improved tissue perfusion. In addition, venous constriction leads to a reduction in the distended venous bed and an increased return of the blood to the heart (50). However, isoproterenol may also have beneficial respiratory and metabolic effects (51) .
